Abstract-The design and operation of a self-oscillating evanescent microwave probe (SO-EMP) for very high spatial resolution imaging of material nonuniformities are discussed. Composed of a microstripline resonator in a feedback loop across a 10-dB amplifier with 2.5-GHz bandwidth centered at 1.75 GHz, these oscillator probes are very compact and suitable for high-resolution imaging of materials. A wire tip connected to one end of the resonator enables the microwave probe to interact with a sample located nearby which affects the resonant frequency ( 0 ) and the quality factor ( ) of the oscillator. Variations in the material properties can be detected by scanning the wire tip over the sample while monitoring 0 and that automatically track the permittivity, permeability, and dissipation in the sample. The SO-EMP outputs versus position of its tip over different high-and low-contrast samples were monitored and pseudo-color maps were generated to image material nonuniformities. Due to the amplifier nonlinearity that comes into play in the oscillation characteristics of this probe and the resonant contribution of the probe-sample interaction, the SO-EMP sensitivity and spatial resolution are improved compared to the other modes of operations we have reported in the past.
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I. INTRODUCTION
T HE invention of scanning tunneling microscope has suggested the possibility of performing very high spatial resolution imaging of materials using a variety of different types of particle and electromagnetic waves. Various local probes, including optical probes in near-field scanning optical microscopes (NSOM), capacitive probes in scanning capacitance microscopes (SCM), and microwave probes in evanescent microwave microscopes (EMM) or probes (EMP) which are the subject of the present study, are developed and reported. The EMP was first used by Sohoo [2] and later by Ash [3] to show super-resolution imaging capabilities of the evanescent or decaying electromagnetic fields [4] . During the past decade, a few more groups inspired by the STM results have extended the resolution capabilities of the EMP [5] - [22] . The most important characteristics of the EMP technique include the following.
Manuscript received September 24, 1999 [15] in both contact and noncontact modes. 5) Operating at very high frequencies, the EMP scan speed, in principle, can be very fast [18] . 6) Parallel EMPs can be used to perform hyper-spectral (with different modalities and frequencies) imaging [13] . 7) Various methods can be used to correct for the EMP stand-off distance [13] . 8) Using microwave techniques a single EMP can be designed to operate at multiple frequencies [13] . The main objective of the present study is to demonstrate imaging capabilities of a new family of EMPs with frequency tracking circuitry operating at 1.5-8 GHz. Other groups have demonstrated the versatility of frequency tracking by using an elaborate experimental arrangement including lock-in amplifiers and sophisticated modulation methods [23] - [26] . In the present study, the EMP forms part of an oscillator circuit that, when coupled to a sample, oscillates at a different frequency determined by the combined EMP-sample system. This simple arrangement enables frequency tracking as well as quality factor mapping with a very small circuitry suitable for direct integration with the EMP on silicon. We compare the spectra, simple line scans and stand-off dependence of the self-oscillating and fixed-operation frequency probes. The self-oscillating probe always operates at its resonant frequency and it is very compact. Moreover, it is well known that in second-order circuits at resonance, the capacitive effects cancel out inductive effects, significantly simplifying the analysis.
Another important aspect of these self-oscillating probes is that they can be integrated on silicon with all the necessary electronics. The development of high-frequency resonators on silicon substrates has been limited by the performance degradation associated with silicon at high frequencies. Since the resistivity of common grade silicon wafers is in the range of 1-20 cm, circuit elements and transmission lines fabricated on silicon have high loss, resulting in low quality factors. Alternative techniques have been developed to solve this problem. It is important to note that the charge density is quite high near the tip at 2.3 GHz that is necessary for high-sensitivity sensing of sample properties. tivity silicon wafers ( cm. All of the circuit elements in this case may be implemented in the same way as they are implemented on GaAs, ceramic, or duroid substrates. We have shown that resonators fabricated on high-silicon can be tuned to achieve an external quality factor [16] two orders of magnitude higher than the un-tuned resonators. In the present work, we only discuss self-oscillating resonators on duroid and we will report characteristics of fully integrated resonators on silicon substrate with electronics in the near future.
II. PRINCIPLES OF OPERATION AND PROBE CHARACTERISTICS
The self-oscillating evanescent microwave probe is composed of three essential parts. The microstripline resonator, which is also the heart of the probe, constitutes the first part of the probe and it is depicted in Fig. 1(a) . The second part of the probe is a microwave amplifier that compensates for dissipation of energy in the resonator. The third part of the probe is its tip region that interacts with the sample. All these different regions are schematically shown in Fig. 1 .
The full-wave finite element simulation of microstripline resonator structure was carried out to optimize its behavior. Fig. 1(b) shows the charge density distribution in the resonator at 2.25 GHz near its full-wavelength ( ) resonance. It is important to notice that the tip region is populated by charges at resonance. The presence of a sample near the tip modifies the density of these charges, enabling the microwave sensor to characterize the microwave properties of the sample. Thus, it is essential that at the operation frequency of the oscillator, the tip should be located in the high charge density part of the resonator and not on a node. The resonator consisted of a 1-mm thick duroid substrate, with a 3.5-mm wide, 14-cm long copper strip ( ). The reflection coefficient (or parameter) of the resonator is shown in Fig. 2(a) . When a sample is placed near the resonator, spectra shifted to lower frequencies. A lumpedelement circuit model was used to model both the microstripline resonator near one of its resonance and the sample. The interaction between the probe and the sample takes place though a capacitance formed between the probe tip (which acts as an electric dipole) and the sample. In the case of magnetic probes the coupling is through the magnetic field and it is inductive rather than capacitive. The values shown in Fig. 2(b) correspond to our SO-EMP probe near its resonance ( GHz). The sample parameters correspond to a semiconducting sample. The coupling capacitance of 1pF (which is usually dominated with fringing fields) is usually observed when using the 125-m diameter tip.
The parameter of the resonator is shown in Fig. 3 (a) along with its simulation values shown in Fig. 3(b) . The two are in near-perfect agreement. In the present work we used a commercially available rf amplifier (VNA-25) with its measured -parameters shown in Fig. 4(a) . The oscillation criteria (gain 1 or 0 dB and ) were met at GHz. At 2.2-2.3 GHz, the amplifier produced a phase shift of 120 that, along with the 120 phase shift introduced by the resonator at the same frequency, satisfied the phase requirement. Moreover, the amplifier gain of 16-17 dB was also sufficient to compensate for the radiative losses ( 10 dB) that occurred in the resonator [ Fig. 3(a) ] around 2.2 GHz. The of the SO-EMP with the amplifier in place is shown in Fig. 4(b) with the measured 3.4 dB gain at 2.227 GHz. It should be noted that the resonant frequency of the resonator is different when measured using the S-parameter technique ( GHz, Fig. 2 ) compared to the self-oscillation frequency [ GHz, Fig. 4(b) and 4(c) ]. We also noted that the presence of the amplifier (turned off) affected the in the measurement as well [ GHz, Fig. 3(a) ]. These small differences in the measured s are the result of differences in the loading and parasitic capacitance effects associated with different modes of measurements. Fig. 4(c) shows two oscillation spectra of the SO-EMP that were obtained with the probe in air and with a metallic sample in front of the probe. These spectra were obtained using a spectrum analyzer rather than a network analyzer that was used in the S-parameter measurements discussed before. The change in was around 3 MHz for a metallic sample.
The SO-EMP was scanned over different samples using the x-y-z stage controlled by a computer as schematically shown in Fig. 5 [13] - [22] . The change in the oscillation spectrum of the SO-EMP was detected using a phase detection circuit that produced a dc output monitored by the computer to produce line-scans and -maps discussed next. Fig. 6(a) shows the SO-EMP output as a function of the stand-off distance. The decay length is around 70 m. We also used the SO-EMPs resonator section as an EMP and measured its output as a function of stand-off distance as well. As shown in Fig. 6(b) , the decay length of fields near the EMP probe was around 400 m. The four-fold decrease in the SO-EMPs decay characteristics can be attributed to the more confined nature of the fields near the probe tip operated in the self-ocsillating on (the output of the amplifier was connected to the network analyzer input port and the probe was not in the amplifier feedback path). c) The oscillation spectra obtained using a spectrum analyzer of the SO-EMP with and without a metallic sample. The quality factor changed from 833 to 741 in the presence of the copper sample. In this case the probe was in the feedback of the amplifier and it was self-oscillating.
III. EXPERIMENTAL RESULTS
mode. It is as though the field patterns attain a lower energy configuration in the self-oscillation mode compared to field pat- terns resulting from an external signal source. This also reflects itself in the measured quality factor of these two different modes of operation as can be seen in Fig. 4(b) and 4(c) . In Fig. 4(c) , the Q is higher almost by a factor of 10, indicating fewer radiative losses. Radiative losses are usually the result of larger spatial changes in the field pattern. Thus, in the self-oscillating mode, the field patterns are less dispersed, resulting in sharper field decays near the probe tip. More importantly, in the case of the SO-EMP, the probe's oscillation frequency changes to cancel out the inductances with capacitances, while in the EMP fixed-frequency operation case the presence of the sample increases the capacitive loading and causes a detuning and a mismatch in the probe's impedance.
It may be noted that very near the origin, the decay characteristic of the EMP is shorter than the 400 m observed over the 600-m range. But this behavior changes rapidly as one moves away by about 10 m from the origin. Very near the origin, the decay characteristic of the EMP is around 110 m. Fig. 7 shows two SO-EMP line scans over a 12.5-m square wire [ Fig. 7(a) ] and 4-m carbon fibers [ Fig. 7(b) ]. The corresponding EMP scans indicate much lower spatial resolution. The stand-off distance in the scans shown in Fig. 7 was around 5 m and the wire and the carbon fibers were grounded and were attached to an insulating glass substrate. Based on Fig. 7(b) , the spatial resolution of the SO-EMP can be determined to be around 4 m for high-contrast objects. Fig. 8 shows the SO-EMP two-dimensional (2-D) map of a 250-m diameter metallic wire on a metallic substrate. The stand-off distance in this case is around 50 m. In the case of the low-contrast objects, the SO-EMP spatial resolution was around 50 m. 
IV. DATA ANALYSIS
To relate the SO-EMP output to the microwave properties of the sample, we note that at resonance, the reflection coefficient of the resonator probe is minimum and real. The is given by (1) where is the characteristic impedance of the microstripline feed line and is the total impedance of the resonator. The microstripline resonator has a complex resonance behavior. But near its fundamental frequency, it can be modeled by a lumped LCR resonator circuit schematically shown in Fig. 2(b) . The total impedance is simply where is the characteristic impedance of the line (50 ), is the resistance of the metallic microstripline and also includes the radiative losses and where and are given by [22] [see (2) - (3) at the bottom of the next page]. and are respectively the capacitance and inductance of the microstripline resonator, is the surface resistance of the sample, is the sample's capacitance, is the coupling capacitance and is the radial frequency. All the circuit elements are shown in Fig. 2(b) [22] . We note that for metallic samples, because and . Thus, in this case the capacitance of the combined probe and sample system is just . The resonant frequency of the lumped parameter resonator in the presence of the sample is given by (4) where and are the modified resonator inductance and capacitance due to the sample. From Fig. 2(b) , we can see that and . The quality factor of the perturbed resonator ( ) is simply (5) When , the Q of the resonator does not change, but its resonant frequency changes by given by (6) where is the resonant frequency of the unperturbed resonator ( ). From the above equation, we can calculate . Moreover, for we have and we can calculate the coupling capacitance once we measure . It is interesting to note that for a metallic sample, the of the SO-EMP did not change as can be seen from Fig. 4(c) , but the resonant frequency changed by 3 MHz which, taking pF [22] , corresponds to the 10 F. Noting that frequency shifts as low as 1 Hz can be measured, the spatial resolution of this probe can be around 1 Å provided that the probe-to-sample distance ( ) is made as small as possible (on the order of 1-10 Å which requires an atomic force microscope set-up) [27] .
From , we also calculated the probe-to-sample distance d of 180 m [stand-off distance that resulted in the shift of the oscillation spectrum shown in Fig. 4(c) ] by noting that , where is the probe's interaction area and is the permittivity of the free space. The interaction area in this case was approximately 2.2 times the area of the probe tip (diameter of 125 m) [22] that in this case was 1.6 10 cm . Once is estimated or directly measured using an optical or lower frequency probe, (5) and (6) can be used to relate the measured Q and to (not assuming it to be zero anymore) and that are then related to the real and imaginary parts of the dielectric function. In magnetic materials, similar relationships and procedures can be used to calculate the complex permittivity function from measured and Q. Our current work involves integrating the SO-EMP with its amplifier on a silicon substrate to make it more compact (by almost a factor of 10 times) and to improve its characteristics (Q and power consumption). We are also investigating the possibility of using active resonance control methods [28] to improve the Q of our existing probes.
V. CONCLUSION
We demonstrated the feasibility of using a compact self-oscillating microwave probe in imaging and detecting highand low-contrast objects. The SO-EMP can be integrated with its electronics on a silicon substrate and can be used to quantitatively map the microwave properties of materials nondestructively. Using a simple analysis, we related the measured SO-EMP output to the sample's property as well as to the probe-to-sample stand-off distance. We are currently working on improving the spatial resolution of the SO-EMP by integrating it on silicon, by using active Q-control techniques and by installing it on an AFM scanner.
